The complete nucleotide sequences of lacRABCDF and partial nucleotide sequence of lacE from the lactose operon of Streptococcus mutans are presented. (Mr 11,401), and 123 (NH2-terminal) amino acids, respectively. As inferred from their direct homology to the staphylococcal bc genes, these determinants would encode the repressor of the streptococcal lactose operon (LacR), galactose-6-phosphate isomerase (LacA and LacB), tagatose-6-phosphate kinase (LacC), tagatose-1,6-bisphosphate aldolase (LacD), and the sugar-specific components enzyme M-lactose (LacF) and enzyme U-lactose (LacE) of the S. mutans phosphoenolpyruvate-dependent phosphotransferase system. The nucleotide sequence encompassing the S. mutans lac promoter appears to contain repeat elements analogous to those of S. aureus, suggesting that repression and catabolite repression of the lactose operons may be similar in these organisms.
Streptococcus mutans is known to attach to and colonize the tooth pellicle and peridontium of humans, where the utilization of dietary sucrose leads to the formation of dental plaque (20) . The fermentative metabolism of these and other oral microorganisms yields lactic acid, which acts directly and indirectly upon the teeth and peridontium, ultimately causing caries and peridontal disease (12) . The oral streptococci are also cariogenic in animal models when the diet contains acidogenic carbohydrates other than sucrose. These carbohydrates include lactose and starch, which are major constituents of the human diet, as well as less prevalent carbohydrates such as glucose, fructose, and maltose (18) . Since lactose is present in high concentrations in bovine milk and is generally consumed by humans in large quantities throughout life, or at least during the preadolescent or "caries-prone" years, it can be considered a dietary carbohydrate of significant importance in cariogenesis. If the virulence of S. mutans is dependent upon its metabolic potential (12) , it appears that a thorough understanding of not only sucrose but also lactose metabolism is essential before effective measures to eliminate dental caries in humans can be designed. EIIPaC (EIICB:ac [37] ) of the phosphoenolpyruvate-dependent PTS as well as phospho-3-galactosidase (10, 11) and are coordinately induced with the tagatose 6-phosphate gene cluster during growth on galactose or lactose. The isolation of mutants deficient in these enzymes supports the conclusion that the tagatose 6-phosphate pathway is the sole route of lactose and D-galactose metabolism in S. aureus (6) . Throughout the course of defining the S. aureus tagatose 6-phosphate genes, we were able to partially complement Escherichia coli fda or pjk mutants by using a plasmid, pYA501, which contains a 5-kb chromosomal fragment from S. mutans PS14 (serotype c). This plasmid was previously shown to encode enzymes of the tagatose 6-phosphate pathway (43) and encodes proteins very similar in size to those encoded by the staphylococcal lacABCD genes (24, 35, 36) . Because of the similarities in lactose metabolism between these organisms, we have determined the molecular organization of the genes specified by the S. mutans insert Bacterial strains, media, and reagents. E. coli DH5a (3) and JM83r-[F-ara A(lac-proAB) rpsL strA thi 480d lacZAM15 hsdR4 zjj-202::TnlO] (laboratory strain) were cultivated in L broth containing ampicillin (100 ,ug/ml) or chloramphenicol (10 ,ug/ml). S. aureus RN4220 (25) was grown in tryptic soy broth (Difco Laboratories), and S. mutans PS14 (serotype c) (43) was grown anaerobically (Gas Pak; Difco) in brain heart infusion (BHI) broth.
Other materials were obtained from the following sources: antibiotics, lysozyme, lysostaphin, mutanolysin, and proteinase K were from Sigma Chemical Co., St Chromosomal DNA isolation and hybridization. S. aureus chromosomal DNA was isolated by the method of Dyer and Iandolo (17) . Chromosomal DNA was isolated from S. mutans PS14 by the following procedure. A 3-ml overnight starter culture was transferred into 200 ml of fresh BHI broth and grown anaerobically overnight. Cells from a 100-ml aliquot were harvested and washed in 5 ml of TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]), suspended in 3 ml of TE buffer, and heated at 65°C for 20 min. After the suspension was cooled briefly on ice, 2 ml of TE buffer containing lysozyme (50 mg/ml), mutanolysin (250 U/ml), and RNase A (0.5 mg/ml) was added, and the sample was incubated at 37°C for 60 min. Proteinase K was then added to 50 ,ug/ml, and incubation at 37°C was continued for an additional 60 min. The resulting cell lysate was then treated as described for S. aureus (17) .
DNA fragments generated by endonuclease digestion of total cellular DNAs or appropriate plasmid controls were electrophoresed in 0.8% agarose and transferred to nitrocellulose paper by the method of Smith and Summers (42 
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TTATAAGATTTCAiAQACAAGAAATT1GTATTGCTATTTACATGTGGCTATCAAAC 2820 scribed in this work have been assigned GenBank accession pathway from S. aureus (35) (43) demonstrated that the streptococcal hypothesis, restriction digests of total DNA from S. aureus DNA contained in pYA501 encoded enzymes of the tagatose and S. mutans were tested for hybridization to the S. mu-6-phosphate rather than the Leloir pathway. We have retans insert-containing plasmid pYA501 probe under concently characterized the genes of the tagatose 6-phosphate ditions of low stringency (Fig. 1A) . In (Fig. 1B) (36) . The latter polypeptide demonstrates tagatose-6-phosphate kinase activity in S. aureus (35) . The (Fig. 4) . The free aled seven open energies for association of the lac mRNA with the 3' end of omology with the Bacillus subtilis 16S rRNA (19) range from -9.4 to -18.0 )eron (10, [34] [35] [36] , kcal/mol, as determined by best-fit analysis by the rules of ), LacF, and the Tinoco et al. (45) . The high affinity for B. subtilis 16S rRNA he lac genes from exhibited by the lac genes is similar to that demonstrated by the S. aureus lac RBS sequences (32) and is within the range of values for the more stringent RBSs reported for grampositive genes (30) . The distance between the RBS and the downstream initiation codon was calculated by measuring the first base to the right of the preferred E. coli RBS sequence, AGGA (or its equivalent), through the base adjacent to the initiation codon (30). In cases of multiple possible initiation codons (i.e., lacABC), assignment of the probable translation initiation site was based on both optimal spacing and alignment with the homologous staphylococcal proteins. For the seven lac ORFs, the spacer distance was generally 8 to 12 nucleotides, a distance also observed for the lac genes from S. aureus (32) and for genes of B. subtilis (30) . The B. subtilis 16S rRNA sequence was used in these calculations because neither the S. mutans nor the S. aureus sequence has been reported. The high similarity between the S. mutans and S. aureus lac RBS sequences suggests that the rRNA sequences from both organisms as well as those from B. subtilis are similar. The demonstration that numerous staphylococcal genes are efficiently expressed in B. subtilis (23) provides biological support for this notion.
A strong bias toward A-or U-rich codons in S. aureus has been well established (27, 32, 40) and is thought to reflect the low G+C content of this organism. However, it is known that there is a strong bias against certain codons (e.g., AUA for Ile) in some staphylococcal genes despite their A-or U-rich content (32, 46) . This bias is quite apparent for the lac determinants from both S. aureus and S. mutans (data not shown). The finding that the codon usage patterns and RBS sequences for the genes of the lac operons are very similar suggests that the translational apparati of these organisms are closely related.
The high level of similarity between the S. mutans and S. aureus lactose operons is summarized in Table 1 . The G+C content of the S. mutans lac region is 36.6%, while that of the S. aureus lac region is 34.4%. Direct amino acid homology for the LacRABCDFE proteins ranges from 63 to 83%, while the region exhibits 64 to 74% DNA identity. However, if only the first two positions of each codon are compared, the DNA identity increases to 75 to 89% for the seven lac ORFs. Thus, there appears to have been sufficient genetic drift to allow optimization for codon preferences in both organisms.
It is of interest that the nucleotide sequence similarity between these organisms decreases significantly upstream of the lacR determinant. Such evidence implies that the lactose operon has become inserted in one or the other organism at a nonhomologous chromosomal site. The presence of a putative stable stem-loop structure 5' of lacR (Fig. 3) sug- gests that the S. mutans lac region may have arisen through acquisition of the genes from S. aureus or another common ancestor, with the insertion occurring within a gene set containing associated potential RBS sequences.
Homogramic conservation of the lactose proteins. Recent studies on lactose metabolism in L. lactis MG1820 have demonstrated that the functions of the lactococcal proteins are directly analogous to those of the lac gene products from S. mutans and S. aureus (50) . The lac operon of L. lactis is arranged identically to the operons of S. mutans and S. aureus (Fig. 2) except that lacR is transcribed divergently from the remaining lac determinants and an additional ORF (lacX) is located downstream of lacG in L. lactis (48) . The L. lactis lacRABCDFE proteins (15, 48, 50) are very similar in length and predicted molecular mass to those from S. mutans and S. aureus. The molecular masses of analogous proteins from all three organisms vary by less than ±610 Da. As shown in Fig. 5 and Table 2 , the Lac proteins from S. mutans, S. aureus, and L. lactis exhibit extensive direct homology. Furthermore, the PTS transport components LacF (EIIIIaC) and LacE (EIII"c), which have recently been characterized in Lactobacillus casei (1, 2) , are homologous in these four organisms, albeit at a distinctly lower level of relatedness. The percent identities for pairwise comparisons of LacRABCDFE from S. aureus, S. mutans, and L. lactis and for L. casei LacFE are presented in Table 2 . Although the transcriptional organization of the lacEGF genes is different in L. casei, they appear to be part of an operon containing at least two additional upstream ORFs (2) . The sizes of these ORFs and their encoded products have not yet been reported, and thus it is not known whether these determinants may function to catabolize galactose 6-phosphate, as does the lacABCD gene cluster, or regulate expression of the lac operon, as does LacR, in the above grampositive cocci.
LacC and LacR are similar to phosphokinases and DeoR from E. coli. In addition to the homology discussed above, the LacR and LacC proteins also show significant homology to repressors and kinases from E. coli (Fig. 5) . LacR from S. mutans, S. aureus, and L. lactis has homology (=25% identity) with the repressor (DeoR) of the E. coli deoxyribonucleotide operon (47) as well as with several other repressor proteins, including GutR (48), FucR (48) , and GlpR (26) from E. coli and AccR (51) from Agrobacterium tumefaciens. LacC has approximately 25% direct similarity with 1-phosphofructokinase (FruK) (31) and the minor 6-phosphofructokinase (PfkB) (14) from E. coli. In addition, LacC has 25% identity with the 316-amino-acid 1-phosphofructokinase encoded by fruK from Rhodobacter capsulatus (52) .
It is of interest that both LacR from S. aureus (34) and L. lactis (48) and DeoR are transcriptional repressors which bind inducing species that are phosphorylated compounds (galactose 6-phosphate or deoxyribose 5-phosphate). One region of substantial homology exists between residues 20 and 42 of DeoR, which forms the helix-turn-helix domain of this DNA-binding protein (16) . The latter half of this motif is especially well conserved in all of the above LacR-related repressor molecules. Although transcriptional repression by S. mutans LacR has not been tested, the high overall identity to S. aureus LacR (63%), more specifically to the highly conserved helix-turn-helix domain of these repressors, strongly predicts that expression of the streptococcal lac operon is controlled transcriptionally by the product of lacR.
Unique COOH-terminal amphipathic helix encoded by lacF. The carboxyl-terminal 16-amino-acid segment of S. aureus EIIIIaC (LacF) has been shown by Saier et al. (38) to constitute an amphipathic helix which is not present in other PTS proteins. A helical wheel projection of this region was shown to position predominantly basic residues in the entirely charged seven-residue hydrophilic half of the helix, while the hydrophobic half comprised mostly leucyl residues. Interestingly, this region is very highly conserved in EIIII'C from S. mutans (14 of 17 identical residues) and is unaltered in the charged hydrophilic face of the helix. Strong genetic evidence (41) coupled with the predominance of basic amino acids within the COOH-terminal amphipathic helical sequence has led to the suggestion that this region facilitates binding of EIIII"C to the negatively charged backbone of DNA, thereby mediating transcriptional activation of lac operon expression in S. aureus (38) . It is not known whether EIIII"C from S. mutans also performs a similar function. In the sequence of the COOH termini of EIII"C from both organisms is highly homologous (14 of 17 residues identical) while the regulatory region sequences differ markedly (see below). It should be informative to test whether these proteins are interchangeable between these gram-positive hosts.
Comparison of the S. mutans and S. aureus ac promoter regions. The transcriptional start sites of the L. lactis lac operon have recently been identified (49) . However, the organization of the regulatory region in this organism is clearly different from that in S. aureus and S. mutans, lacking the striking repeat elements of the staphylococcal and streptococcal promoters. The presence of several analogous control elements upstream of the lac structural genes suggests that similar mechanisms for transcriptional regulation of lac expression may exist in S. mutans and S. aureus. Both promoter regions contain a 10-bp directly repeated sequence, the half-sites of which are centered about the -30 and -80 regions of the lac promoter (Fig. 6 ). Although these S. mutans staphylococcal -60 promoter region. While the similarities in the S. mutans and S. aureus promoter regions raise the possibility that repression and catabolite repression of lac expression may be similar in these organisms, the precise role(s) of these repeat elements (if any) in streptococcal lac expression clearly awaits further studies.
